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CHAPTER 11

Endotoxin interactions with platelets IAvailcibility CodeS

RICHARD 1. WALKER AND LARRY C. CASEY Dt Sjo1

Apprximtel 500milionyears ago the horseshoe crab (indsplpeis

evoked an antimicrobial defensive system consisting of a single cell type - the

amebocyte - which degranulates to trap bacteria in a clot and subsequently destroy
thenm. Thc antimicrobial system has become more specialized in mammals, but the
teleologic descendant of the amebocyte - the platelet - is still important in the
inflammatory response of the host to microorganisms, For example, platelets in-
teract with pathogens and release mediators of inflammation, participate in trap.
ping microorganisms for phagocytes and, although not bactericidal themselves,
enhance the bactericidal effects of leukocytes (Clawson 1974; Clawson et al 1975;

& Smith 1972; Wilder and Lubin 1973).
The potentially beneficial effect of platelets on infection may become detrimlen-

tal if thrombosis becomes too extensive to be resolved effectively. The host re-
sponse to microorganisms can also be induced to self-destructive levels by chal-
lenge with purified endotoxin, a lipid-polysaccharide component of the cell walls
of gram-negative bacteria. Within minutes after injection, most endotoxin in the

bloodstreaim is associated with platelets (Braude 1964; Evans 1972). These cells
have a profound influence onl the rate of transpor! of endotoxiin (Das et al 1973)
anJ other particulate material (Donald 1972; Noyes ct al 1959; Van Aken and
Vreeken 1969) to the reticuloiendlothelial system. For example, plasma clearance
of eudotoxin is significantly slower in thrombocytopenic rabbits than in normal
ac~imrals (Das et al 1973). In -A chieving this purpose, platelet-endotoxinl complexes
must pass through the captillary network of nonreticuloenidothelial organs, a pro-
cess which depends on niairiten-ince of a balance betweeýn aggregation and dis-
aggregatian of platelets (Van Aken and Vreeken 1969).

Uncontrolled thrombosis in the microcirculation of major organs may be a key
event during eii0otoxemia which could contribute to the diversity of host responses
to endotoxin. This concept is co)nsistent with microcinematographic observations
by Urbaschek (1971). Within nminutes after injection of endotoxin into rabbits,
blood flow begins to %low arid mast cells degranulate. Rouleaux formation of
eryt'irocvies occurs, granulocytes adhere to thle vessel walls and roll along thle

* endotlielium. wid large phx.tclet aggregates form and are partly disaggregated
again. Soon irrc-ýersiblc platelet thronmbi iorm, anl event which could be significant
!o the furth.zr course of endotoxemnia. Endothelial cells swell anid together with
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wall-adhering blood cells, intensify the narrowing of the vessel lumen. Blood flow
continues to decrease, first in the venules and capillaries and later in the arterioles.
By 1 hour after challenge stasis occurs, capillary wall permeability increases and
microbleeding begins.

2. GENERAL CHARACTERISTICS OF THE PLATELET RESPONSE TO
ENDOTOXIN

The platelet response to endotoxin was recognized in the 1950s. Following in vivo
administration of endetoxin there is platelet aggregation (Stetson, 1951) and in-
creased plasma serotonin and histamine (Shimamoto 1958). Temperature affected
both the aggregation and serotonin release (Des Prez et al 1961). At 4°C no
change was observed in either aggregation or serotonin release, whereas at 37°C
there was time-dependent serotonin release and aggregation. Furthermore, the
clotting time of platelet-rich plasma was shortened following the addition of en-
dotoxin (Des Prez 1964), and this could be related to the fact that platelets contri-
bute a phospholipid called platelet factor 3 to the coagulation system (Horowitz
and Spaet 1961). The clotting times of both platelet-rich plasma and whole blaod
were significantly shortened by the addition of endotoxin, but the phenomenon
can be reversed by removing the platelets (Horowitz et al 1962; McKay et al 1958).
Horowitz demonstrated that by lysing the platelets with detergent and then adding
phospholipid (brain cephalin), the coagulation time could be shortened. Adding
endotoxin did not further shorten the coagulation time once the platelets had been
lysed or cephalin had been added.

Preincubation of antigen with immune plasma prior to addition of platelets and
anticoagulant initiated effects similar to the endotoxin-platelet interaction (Des
Prez 1964). The antigen-antibody reaction probably activates complement, and
this complex could then react with platelets as a particle might. Movat et al (1965)
and Spielvogel (1967) suggest that the antigen-antibody-platelet and platelet-
endotoxin complexes btiýave as particles and that platelet injury is associated with
ph.,gocytosis. Movat showed that platelcts ingest latex particles. ferritin-anti-ferri-i-
tin complexes, and Spielvogel showed the ingestion of endotoxin by platelets.
These particle ingestions by the platelets released serotonin into the plasma.

The similarity in platelet-indced injury by endotoxin and that induced by anti-
gen-antibody reactions led Des Prez and Bryant (1966) to study the divalent cation
requirements for these two types of reactions. To document that platelet injuries
were similar to immune reactions, they compared endotoxin-induced release of
serotonin with serotonin release induced by antigen added to platelets derived
from immunized animals. With various concentrations of anticoagulants in platelet-
rich pl-isma (heparin, 100 jig/ml; sodium citrate, 0.38%; sodium EDTA, 0.!% or
0. 17 %) Des Prez and Bryant (1966) showed that endotoxin caused release of
serolonin when 0.38% sodium citrate or 0.1% sodium EDTA was present, while
antigen-antibody did not. When the concentration of EDTA was increased to
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0.17%, neither endotoxin nor antigen-antibody caused serotonin release. This dif-
ference was not observed when antigen and platelet-poor plasma were allowed to
interact in the absence of chelating agents, When platelets and cilt ate were added
following the incubation. the release of scrotonin was sinmilar to, that induced by
endotoxin. Des Prez and Bryant (1966) showed that thc reason for the initial
differences between endotoxin and intioen-antibody compirx interactions with
platelets were related to the divalent cation concentrations (Ca2 and Mg24), and
that more d~valent cations were necessary for the antigen-antit body reactions than
for endotoxin reactions in the presence of the same concentration of chelating
agents. More recently, the noncytotoxic secretory activity of platelets has been
shown to have a specific requirement for calcium (Morrison et al 1980).

Differences were also noted between platelet injury caused by thrombin and that
induced by endotoxiri (Des Prez 1964). The lag period of serotonin release and of
aggregation led Des Prez to think that the effect of endotoxin on plitelets was

indirect, possibly secondary to the action of a proterslytic enzyme, because Dilatelet-
F rich plasma incubated with trypsin and no calcium did not decrease the fibrinogen

level, whereas with trypsin and calcium, lower fibrinogen values and increased
serotonin levels in the plasma were seeni, ever though no aggregation occurred,
Using thrombin-induced platelet injury, Des Prez compared it to endotoxin.
induced platelet injury. Very small amounts of thrombir induced platelet injury,
and this reaction was immediate and non-progressive as was induced clot formia-
tion. In contrast to endotoxin, concentrations of thromibin sufficient to produce
gross clot formation in citr~ated plasma were less than those required to induce
serotonin release from the platelets. Small doses of heparin prevented thrombin
injury to platelets, whereas v'ery large amnounts of heparin were required to prevent
endotoxin- induced platelet injury.

3. COMPONENQTS OF THE PLATELET-ENDOTOXIN INTERACTION

Since the early studies of platelet aggregation and release responses, a variety of
humoral and cellular elements have been identified as import~ant to the platelet-
endotoxin interaction.

3.1. Plasma fctors

lDes Prez et al (1961) showed that heating plasmra to 56O'C imr 30 minutes before
adding the platelets and endothxin, inactivated the se11oton-er. and the aggre-
gation. This suggested that there is a beat-labile ph?.sma factor ii cessary to mnediate
the effects of endotoxin on platete-s. Itbis factor, which had earlier been detected
by McKay et al (0958), was of considerable interest becausz: of its possible role in
the immunce mechanism and the coagulation system. With an intricate set of exper-
iments, Reamn et al (1965) showed not only that plasma and platelets were required
for endotoxin to induce platelet injury, but also that the plasma factor could be
better characterized. Heating the endotoxin to 56eC did not alter its effect on
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platelets, but heating the plasma for 2 minutes at 56TC inactivated the factor
necessary for the platelet--endo~oxin interaction.

Ream et al (1%5) found evidence that a plasma factor necessary for the aggre-
gation of platelets might be Factor V. By removing platelet-rich plasma f. im
humans with known individual factor deficiencies, aggregation was observed after
the addition of endotoxin in every case except with the plasma deficient in Factor
V. If Factor V was added, the aggregation occurred. However, if the Factor V was
allowed to be below 30% of normai (by dilution technique), aggregation did not
occur following exposure to endotoxin (100 ttg/nil). To simulate the lipopolysac-
charide of endotoxin, several different fatty acids were added individually to
platelet-rich plasma (normal), but no aggregation was observed. With rabbit
platelet-rich plasma, endotoxin caused aggregation predictably, but with human
platelet-rich plasma and endotoxin, the aggregation was variable. Additionally, ..
Ream showed that contact Factor XII, believed to initiate the clotting mechanism,
was not involved in the platelet-endotoxin interaction since platelet-rich plasma
deficient in Factor XII allowed aggregation to occur when exposed to endotoxin.
Mailler-Berghaus and Schneberger (1971) confirmed that Factor XII (Hageman
factor) was not involved in the platelet-endotoxin interaction because a single dose
of endotoxin (10-20 pg/mi) did not decrease the amount of this factor. Since
pretreatment with one of the coumarin drugs prevented the fall of the level of
Hageman factor after the injection of thorotrast or endotoxin, Miiller-Berghaus
concluded that the contact factor was not the trigger mechanism in coagulation
from the endotoxin-platelet interaction.

3.2. Complement

Even though Ream et al (1965) had demonstrated that the heat-labile plasma
factor necessary for the platelet-endotoxin reaction could be Factor V, Des Prez
(1967) was not satisfied. He demonstrated (a) that whole-blood complement titer.
were not decreased during the course of endotoxin-platelet injury in recalcified
citrated plasma and (b) that plasma adsorbed with zymosan at 16 *C in the presence
of EDTA did not lower the complement titers and it was furthermore similar to
heated plasma (56"C for 30 minutes) in failing to support the platelet-.eadotoxin
interaction, and (c) the factor or factors removed or inactivated by zymosan and
heating the plasma appeared to be similar in the amounts necessary to support the
platelet-endotoxin interaction. Since Boyden (1966) had demonstrated that ma-
croglobulin antibodies. reactive with the polysaccharide determinants of endotoxinm
of grarn-negative bacteria, exist in all species virtually from birth. Des Prez specu-
lated that the heat-labile plasma factor was a naturally occurring antibody.

Support for the fact that complement is involved in the platelet-endotoxin in-
teraction was obtained by Gilbert arid Braude (1962) who showed a decrease in
sertm complement after endotoxin injection into rabbits. Spielvogel (1967) de-
nlonstrated that tile effects of endotoxin on rabbit platelets in vitro were due to
the immune adherence phenomenon and the heat-labile plasma factor involved
was complement. lie found that measurcs known to inactivate sonic complement
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components (heating, NH 4OH, zymosan) also prevented degranulation of rabbit
platelets in citrated platelet-rich plasma. It was also shown that loss of granules in
the platelets was associated with adherence of endotoxin particles to the n!atelet
membrane. In primate blood (in which immune adherence receptor sites are on
the red blood cells rather than on the platelets), platelet damage was not observed.

Gewurz et al (1968) investigated the interaction of lipopolysaccharides with C3-
C9 of the complement system and found that each of the six components was
consumed during these incubations, even with smali amounts (10-25 Rg/ml) of
endotoxin. Interestingly, he showed that lipopolysaccharide consumed greaser
quantities of C3-C9 than did anti-human gamma globulin. Lipopolysaccharide
reacting with hyperimmune rabbit serum leads to a complement consumption pro-
file similar to that induced by the immune complexes. When highly purified prep-
arations of any of the six terminal complement components were incubated with
lipopolysaccharide, no consumption occurred. This indicated other serum factors
were needed. Gewurz concluded that the complement system was involved in the
biological actions of lipopolysaccharide.

Kane et al (1973) studied the interactions of the classical and alternative comple-
rnent pathways with endotoxin lipopolysaccharide with special emphasis on
platelets and coagulation, Using C4-deficient guinea pigs, known to have a cora-
plete block in the activity of the classical complement pathway, but with the alter-
native pathway intact, he demonstrated that there was no fall in the platelet count
as seen in the normal animals following endotoxin injection. The alternative path-
way was activated in C4-dcficient guinea pigs since the C,-C9 titers did dccrease.
When C4 was restored in the C4-deficient animals, thrombocytopenia did occur
as in the controls, Kane concluded that the classical and alternative complement
pathways were required for thrombocytopenia and shortening of the clotting time.

Brown and Lachmann (1973) studied the interactions of complement and
platelets in lethal endotoxin shock in rabbits. With radioactive chromium-labeled
platelets in normal, in C6-deficient, and C3-C9-depleted rabbits, they were able
to study the effects of the potentially lethal dose of endotoxin on survival and

) , platelet sequestration. In the normal rabbits, the platelets were acutely destroyed
with only a small portion returning to the circulation and all animals died. In the

J C3-C9-depleted animals, platelets survived normally following endotoxin injection
e and none of the animals died. In C6-deficient rabbits, platelets were acutely lost

from the circulation, but were destroyed only variably. C6-deficient rabbits in
n which the platelet recovery was greater than 65% lived, whereas when the platelet

recovery was less than 45%, the animals died. Platelet factor 3 activation by en-
dotoxin was also studied in these animals both in vitro and in vivo. Marked activa-
tion of platelet factor 3 occurred in normal rabbits, minor activation in C6-depleted

n rabbits, and no activation in C3--C9-depleted rabbits. Brown and Lachman con-
.luded that complement depletion markedly alters the platelet response to end'o-

o toxin. Depletion of C3-C9 appears to be absolutely protective and correlates well
d with absence of mortality, normal platelet survival, and failure to activate platelet

factor 3.
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Morrison and Qades (1979) showed that ditfferent portions of the endotoxin
molecule activate different complement pathways. Activation of the alterna~tive
pathway is essential for platelet lysis, and preparations containing lipid A activate
the classical pathway which does not cause lysis. Up to 5 ltg of lipid A per ml of
rabbit platelet-rich plasma did not induce aggregation in vitro, although aggrega-
tion of the samne platelet preparation could be accomplished with a comparable
amtount of whole endotoxin (Walker and Beasley 1980). Lipid A attaches the
cadotoxin to the platelet membrane, and this attachment is enhanced by lipid A
protein (Morrison and Oades 1979). The alternative pathway requires the polysac-
charide region of the molecule, but lysis is not obtained if the lipid A portion is
not available for platelet-endotoxin binding. Perhaps lipid A attachment to platelet
membranes is necessary to bring the carbohydrate portion of the molecule into
proximity with the membrane surface, where the alternative complement pathway
is initiated.

Evidence that both lipid A and polysaceharide components of endotoxin are
necessary for lysis or aggregaticin of platelets is shown by endotoxin detoxification
exp~eriments. Polyntyxin B binds to lipid A, the toxic moiety of the endotoxin
complex, thereby detoxifying the endotoxin preparation (Morrison and Jacobs
1976). This detoxified preparation also loses its platelet lytic capability. Similarity,
iflegaradt doses of ganima radiation 6wCo destroy fatty acid groups on lipid A (L.
Bertok, personal communication) and thereby reduce the toxicity of lthe molecule I
(Previte et al 1967). Irradiated endotoxin no longer induces platelet aggrega~tion
(Walker et al 1983,).

3.3. Specific antibodies

Lethal antoun~s of endotoxin may disturb lthe disaggregationi process in non-
reticuloendothelial organs, thereby causing abnormial deposition of platelet -en-
dotoxin complexes which could have locally dlamaging effects. Persistence of en-
dotoxin-platelet aggregates in the vasculiinitre of nonireticuloendotlmelial organs pre-
viously has been associated with toxicity (Carey et al 1958; Noyes et al 1959), and
animials made tolerant to the lethal effects of endotoxin demionstrate improved
reticuloendothelial clearance of the toxin (Carey et al 1958; Herring et al 14J63). I
Platelet responses to endotoxin may be an important factor in such imiproved
clearance by the reticuloendothelial system.

We tested the hypothesis that platelets from tolerant rabbits have different
aggregation characteristics than platelets of animials that are not resistant to the
lethal effects of endotoxin (Walker el al 1978). Adult New Zealand white rabbit,.
(2.5 kg) were mnade tolerant to Salmonelwla (Yp~ai eutlotoxin (lipopolysacceharide W.
Difeo) by receiving 5 daily intraperitoncal injections of lthe toxin (0.2, 0.3. 0.4, 0_5
andl 0.5 nmg). The effective ness of thiis regimen was determined 1w inimavetious
challenge of tlhe rabbits with a lethial dlose of endotoxin (0.15 mrg/kg). Animials that
had been miade tolerant survived this dlose of toxin.

Aggregation of platelets was deternuned on I nil samiples of platelet-richi plasmia

230



i a"

Endotoxin interactions witlh plaielets Che.,

in plastic cuvettes equipped with plastic-covered magnetic stirring disks. Increased
light transmission (aggregation) was recorded from a Beckman DU-2 spec-
trophotometer equipped with a magnetic stirrer and 37oC water bath. The pattern
of the aggregation was followed. When the pen never returned toward the base
line, aggregation was tcrmed 'secondary' or 'irreversible'. Tracings in which the
recorder pen returned toward the base line after reaching a maximum were termed
'primary' or 'reversible' aggregations.

Platelets front rabbits made tolerant to the lethal effects of endotoxin have
aggregation characteristics different from those of platelets from nontolerant ani-
mals. Platelets from tolerant rabbits responded more rapidly to the aggregating
effects of endotoxin than did platclets from nontolerant animals. Furthermore,
unlike platelets from nontolerant rabbits, platelets from tolerant rabbits aggregated
reversibly. These characteristics of platelets from tolerant rabbits may enhance
reticu!oendothelial clearance of endotoxin and thereby promote survival.

Since platelet-free plasina from tolerant rabbits could confer tolerant characteris-
tics on platelets from nontolerant animals, a humoral factor must be principally
responsible for altered platelet responsiveness to endotoxin. Tile specificity of the
humoral factor was suggested by the observation that induction of 'tolerant' re-
sponses to endotoxin did not affect the aggregation responses of rabbit platelets
exposed to ADP or collagen (Walker et al 1980). The time at which this humoral
factor appeared in the plasma (1 week after the first injection used to induce
tolerance) correlated with the appearance of antipolysaccharide (but not anti-lipid
A) antibodies in the plasma (Walker and Beasley 1980). Furthermore, when
specific anti-O antisera were added to normal platelet rich plasma, tolerant-like
responses were observed following addition of endotoxin. Addition of anti-lipid A

* did not accelerate aggregation or disaggregation after exposure of platelets to
conmplete endotoxin.

Greisman reported that antisera induced by smooth endotoxin are directed
against the O-specific side chains (Greisman et al 1973). This is consistent with our
finding (Walker and Beasley 1980) that plasma from tolerant rabbits or specific
antisera reacted only with the smooth endotoxin and not with purified lipid A.
Likewise, antisera against lipid A did not interact immunologically with smooth
*edotoxin.

.Bult and Herman (1979) obtained responses with guinea pig platelets which
wNere similar to those described above for rabbits made tolerant to the toxin. They
found that pretreatment of guinea pigs with endotoxin caused a more rapid onset
of the aggregation response when endotoxin was subsequently added to platelet-
rich plasma from these animals. This effect was due to the presence of a humoral
factor directed against the polysaccharide component of the endotoxin.

Lipid A did not initiate platelet aggregation unless its specific antibody was also
present (Walker and Beasley 1980). This observation, which is consistent with a
report that platelet lysis is not initiated by lipid A alone (Morrison and Oades
1979). provides further insight into the platelet--endotoxin interaction. Platelets
have specific membrane receptor sites (Ausprunk and Das 1978; Hawigcr et al
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1975; Washida 1978) to which lipid A can attach. However, complement is also
involved in the rabbit platelet-endotoxin interaction (Spielvogel 1967), and deple-
tion of these components correlates well with reduction of mortality of the animal
and enhanced platelet survival. It now appears that lipid A serves as an attachment
mechanisnm which brings the polysaccharide portien of the molecule into proximity
with the platelet membrane where alternative complement components are assem.
bled, thereby inducing visible platelet reactivity (Morrison and Oades 1979). In
the tolerant animal the polysaccharide portion, of the endotoxin is apparently mod-
ified by antibody, and this process could account for the altered platelet responsive.
iess to endotoxin seen it% tolerant rabbits.

3.4. Prostaglandins

Prostaglandins are important mediators of platelet function and may contribute to
ithe fate of these cells during endotoxemi'a. Recent work has demonstrated that tile

two endoperoxides derived from arachidonic acid, PGG 2 and PGI-l2, are very po-
tent in inducing rapid and irreversible aggregation of human platelets (Hamberg
and Sainuelsson 1974; Hlamberg et al 1975). Acetylsalicylic acid, an inhibitor of
cyclooxygenase aud thus an inhibitor of endoperoxide for:..ation. blocks secotndary
platelet aggregation, which suggests that the endoperoxides play a role in the
platelet release reaction (Hlamberg et al 1975), The addition of PGH, to platelet-
rich plasma leads to rapid changes in shape, aggregation, and secretion of , Ily-
aroxylryptamiie frout the platelets. This phenomenon appears to be partly dui* t

isonicrization of the endoperoxides to thromboxane A2 ('T'XA2 ) by the enzyme
thromboxane synthetase (Hambcrg et al 1975).

The relative p)otencies of the prostaglandin endoperoxides and TXA, as platelet-
aggregating agents are still unknown, but there is some evidence to suggest that
TXA, is more potent (Needleman et al 1976). In contrast to the effects of en-
doperoxide on piatelcts, TXA, is at least 100 times more potent than PGII,, as
measured by tile induction of contraction of aortic smooth muscle (Ncudlemaa ct
al 1976). The generation of TXA, during platelet aggregation in vi,,- may lead to
amplification of the aggregation response as well as to local vasoconstriction.
Butler et al (1982) demonstrated that a selective thromboxane synthetase inhibitor
"(N(7-carhoxyheptylliinidazole) failed to inhibit endotoxin-induced platelet qggre-
gation, but did prolong the bleeding time. The prolongations of the bleeding time
may be thle result ol tile isomerization of tOe unconverted cmldoperoxides into
prostacyclin (P1ilG) (Niikamup et al 1977; Vcrmnylen et al 19M1), possibly by en-
dothelial cells (Gryglewski et al 1976), These results may suggest that the most
important role of TXA, in hemostasis is not as an amplifier of platelet aggregation,
but rather as a potent vasoconstrictor which, by making the vessel smaller, facili-
tates hemostasis at the site of vessel injUry.

Thromboxane may contribute to the pathophysiology of endotw:in shock. Cook
et al (1981a) provided strong evidcnce for tile importance of thromboxane in rat
endotoxin shock by d(emonstr.ttinC that eCsCntmal fatty acid-deficiency itt rats, as
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well as the pretreatment of rilt, Withi cIL~r a cyclooxygenase inhibitor or at thront.
boxaime receptor antgntitost, all im~proved survival in% a lcthal model of endoitoxin
shock.

Furthermorc, prostncyclin, which has thle opposite effects of tillomiboxanle (in)-
hibits platelet aggregatio %tiald is a vasodilator), is beneficial inl treating endotoxin
shock (Fletcher and Raniwell 1980; I~cfcr ct il 1980). For example, ill dog" chiat-
hcngced Wilit Lscherichin coli euldotoxini (I mg/kg) and treated with a continuous

* infusion of prostacyclin (20 ng/lig/min) from 15 minutes before to 41 hours after the
gadministration of the endotoxin. survival %was increased from 42%K to 831% TFhis

*effect mlust lie Jiut to factors other thlla the inhibition of platelet aggregation since
prostacvclinl has no effect onl direct endotoxin-induced plitelet aggregation antd
does not prevent tlie inl vivo enidotoxin-induced tlhrotnbocytopcnia (Fletcher and

* IRamlwell 1980).
Tlhe importance of tltronboxanle inl Primate endotoxinl shock. appears to lie differ-

ecut thaui inl rilt cuIdotoxiut Shock, ak thle pretreatment of baboons Withi either OKY
1581 (a selective thromboxane syntlictase inhibitor) or imiiciaole fails to improveý
Suirvival (Casey et .l 1082). Inl addition, these drugs dto not prevent thle cindoto~xiti-
induced throntbocytopeniai I low ever, it is clear that enldotox in-induiced puilmonlary
hypertension is mtediatedl by increased TXA, formation (Ciasey et a! 1982), and not
by tile mtechantical oc~lusioit of pulmonlary vessels by either platelet or white blood
cell aggreg~ates as previously suggested (Pennington eta 17)

Since -a hulge numblt-er of tsusand cells are capable of producing_ thronthoN.ane,
the source of the increased plasma thrombomane after intravenous endotoxmn adl-
ministration remains unclear. When endotoxin is injececd into rabbits, their
platelets, develop anil increased capacity to synthesize thromboxane (Prancan et aM
I1481). All thromboxanec may not come from the piteltcls, howevcr, because inl
sheep or baboons, thle increase inl plasma thromboxane occurs immediately after

*thle inijectionl of thle enldotoxinl. whereas thle decrease inl platelet count occurls Owil
several hours (Harris Cti al 1980. Stmith et at 1981) The incubation of neutrophils
inl vitro with endotoxin will stitmulate them to prodluce thromboxane which call
thent cause platekct aggregation (Spapnuolo et al 1980). Inl addition, neutropenia
(decreases endotoxin-induccd increases inl plasma throtibomatc (11w ttemeivct et al
1982).

3.5. Other cell types affecting pilatelets

Direct and indirect effects, of endotoxinl onl platelets mlay be altered Iny rcetpolls
of other cell types xhich interact \\ith) thle toxinl These cells include m3cr~ophlaI!s.
pohn itorphonticlcar leukocytes andl endlothelial cells.

MIacr (phllages are important it, the detoxification of endotoxin (17ilkiins 1971) and
regulation of mlanl host respionses to thle tmili (Bterry 1972). Thle importance of
these cells to survival duringr endotoxcunta is indicated bv thle increased resistance
to thie lethal effects of cndotoxin obtained in) normial strains of mlice rec eiviingbotie
ilarrow tranlsplanits from genetically resistant animals (Mlichalek et at 1980t). Nia-
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crophages from~ genetically resistant mice (Sultzer and Goodmin 1977) or tolerant
mice (Snyder et ad 1979) release lower amounts of mediators during phagocytosis,
arnd this reduced respoinsivenimes to endotoxiei stimuli may diminish the degree ofI inflammatory responses obtained. For example, cultured mouse Peritotical
macrophiages secrete factors which cause rabbit p~latelets to aggregate and release
seoloonin (B~lumecnthal et Md 1980). Tile nature of these factors is unknown, but
macrophagc preparations are known to secete a variety of prostaglandins in re.
sponse to inflammatory stimnuli (Humes et at 1977) which include prostacychn nnd
rXA,. (Krausz et lit 1981; Cook et a] 1981b). Reduction of such release could
reduce microcirculatory datnage. Additionally, tosistant macrophiages may secrete
endotoxin-detoxifying substances or regulators ot thromb111osis. Which WOUld 3lso4
reduce damiage in tile microcirculhiton.

Polymnorphionuclear lcukocyte% eoulkd help reduce platelct aggrcgation. Tolerant
allnimals miobilize. granulocytes more effectively thantinormal animals (Fruhnian
1972), and these cells may work with platelets in the delivery of the toxii to the
reticuloendothelial system. Granulocytes arc attracted to platelet thrombi and par.
ticiplate in their subsequent resolution thi ough plialocytosis (Shirnsawa and Chand-
lLr 1971) and release of miediators (Canoso et at 1974;. Levine cl il 1970; Rodvien
eti nI 1976; Waultier vti al 1976). 1 lydrogven peroxide is a leukocytic mnediator re-
leased doting phagocytosis (lyer et al 1961; Hoot etita 197,S) which redces ziggre-
igatimi inidueed by AD)P and other tioniniicrobial substanices (Canoso et at 1974;
I es inc Ct at 1976-. Rodivien ct Ai 1976). Flowuver, Ithiz uiae ha..s no effect onl
p~latelet aggi egiltloll indkuced by direct interaction with endutoxsin (Walker- ct al
19,M)). TI'u type of svswem) s'eems well suited for elimination of miciroorganism% with

\lnu~ianeusreductionl of thle daiu"erotis additiotiad aigawg.ittio induced by ex-
posed collagen. ADP~ and other host faciors.

lindotoxin can directly inijure enudothelial cell Ineillbrancs with% resulting initracel-
lular edvimat and formuation (if gall" betweenu cell% which permlit extrusioni of erythro-
cytes (Bauris et a1 1980)). Inl vivo endtotoxin1-de le nde lt granuillocyte anid complldemlent-
mediated events could also damage endothehil cells (Sacks tci at 1978). Stullen-
dothebium exposed by endothelial cell detachmlent permits platelet adhlesion arnd
Various degrees of activation which may be important inl thle pathogenesis of thle
thrombotic L plctosof enilotoxemilia.

4. ENI)OTOXIN INThRACTION WITH PRIMIATE PLATULETS

Dl~ect effects of cil1dtoxiti onl pjimlie platelets have beenl difficult to demonstrate
ill vitro. For eviample. agglegation responses readily observed in rabbit or doe
platelet-rich plasmia exposed to endlotoxini are not obtained in I imlate Prepara-
tions. I lowvevler. thronilhoec'topenia does occur lin pti mmae modiels challenged with
ciudoroin (.1.R. Fletcher. unpuiblishod data). Malc baboons weighing '20-30) kg
\'telv testui aiied and1k subjected to anll), dose of I.. colt endiotoxin (I Imglg given
as anl Intlitasenou's bolus Via it pci ipheral Vein). liv 15 nuwnuics% alter challenge.
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Citrculating platclets ini thoe atnimtals dropped to atpproximlately 50% of normal
vulues. Furthcrnimore, when tile responsiveness of tile remaining'platelets to ADP
(2 jightin) was tested. they were found to be refractory to the induction of aggrega-
tionl.

In 1965 Ream et al reptorted aggregation of washed htuman platelets in tile
prescnce of endotoxin and a hent-labile plasmia fuictor. lit general, however, rein.

lively littli uces a beer% obtarined in studies of plntelet--endotoxinl interactions

D~a",0 ci a (197.3) used thle Lilluhlis test to show ffiat hunman platelets dlo interact
With bacterial enldotoxill. The senisitivc Component of tile humain platelet sncm-
brunei interacts with cnidotoxin Withi subsequent release oif adenine nuckeotides and
platelet factor 3 (Ihiwiger et aI 1977). T1his receptor is tipparerntly specific for
endotoxiin because zyniosan does not release platelet factors as eitdotoxiin does
0I lawiger Ci t .1 1105). These authors go on ito suggest that there iN not only a
specific eitdotoxirt-scnsjtjve component onl hiuman platelets. bilt also an indirect
pat hwyo activation in which mlicrobialatgn opee wt nioyado
comiplement interact Ns'itlh platelets throueh receptors. for the ImG Vc firagnielt and
coti)plemen lt,

A% Ream's work indicated (1965), plasma p~roteinbs are very important in the

psi rinutkpw eetedooi inittraction. 111 a1 lasnia-free mnediumil V.idoimiia, Conn-
plexed wvith colppci adhered to human platelet surfaces and caused breaks, in thle

sneahine.pseuldoplod totniation atid centraliz.ation of platelet orpanielse (Au.-
%ip uik mid Das 1978). Normal jptasina intericeres N~ithi this rvactioni. Ani in(trest inst
observation is that lthe copper-containing protein ceruiloplasmin. which becomies
elevated prior to t litrombocytopenia associaled with) g'ratil- negative infection, mlay
potentiate adsorption of blood-borne endoiroxin by human platelets.

Platelet interacetion Wsilli endiotoxin may initiate a signal it) lthe host that bacteria
ire present. thereby induciing an inflamimatory response. 'With thiý In mind, we
tested (Sheil and Walker 1979) the hypothesis thatl humlan phltelets may infliuece
endoto.xin-induced inflammation through alteration of thle chemotcricti respon'sive-
ness of polvniorphonuciear Icukocytes. L~eukocyte-rieh preparations were p~laced
onl filters in eheinotaxis chambers and exposed to plateket-rich or platelet-free
hutman plasma before and after activation of the plasmai with% Salmneli~la tvphiI
(Westphal preparation - IDifixo) endotoxin.

Withi thle addition of 25 ng - 0.5 pig of endotoxinl to a1 millifler of hunian platelet-
rich plasmau we observed ani increase in letikocyte dieniotaxis of %0-85"" above
that ween inl linactivated platelet -rich pkilasa. H owever, activation Of platelet -rich
plasma with I and 2 10ig Of Cendotoxin resulted inl an increase~d polyinorphonuclearI
It: kkocyte ehlemotactie res'ponse of only 10-45",.. These responlses were sIgnificant-

ly l\uwe (P) < 0.01) thanl tile responses obtained Withi I and 2 jig of endotoxin in
platele - poor plasma. Withi thw ddition of 5. 10 and IN jig~r of endotoxinl,
ehe-motaxis lif response to activated platelet-rich plasmia \was inereased b -1w5-
MY'0,.

Although caution mutst bie exercised inl intlerpretingý thes in vitro findings. obser-
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vations made in vivo by others indicate that impairment of chemotactic responsive-
ness is a phenomenon associated with endotoxemia (Berthrong and Cluff 1953;
Cluff 1953; Territo and Golde 1976). Furthermore, impairment of chemotaxis is
associated with larger doses of endotoxin rather than with smaller doses of the
toxin (Fruhman 1972). We can also make an association between platelet effects
on leukocyte chemotaxis and survival from endotoxemia. Treatment of endotoxin
with CrCI3 reduces some toxic properties of the endotoxin molecule (Prigal et al
1973; Snyder et al 1978). Therefore, it is of interest that the reduction in
chemotaxis seen in response to platelet-rich plasma activated with 1 and 2 4ig of
untreated endotoxin does not occur with Cr-treated endotoxin (Walker et al 1980).

5. POSSIBLE SIGNIFICANCE OF PLATELET INJURY DURING
ENDOTOXEMIA

Microcirculatory failure may be a critical event during endotoxemia. The impor-
tance of events at this site is suggested by studies of the resolution of endotoxin-
induced damage in the microcirculation of C31ieB/FeJ mice and the rlosely re-
lated, but endotoxin-resistant, C3H/HeJ mice (Walker and Parker 1980). These
animals were chiillenged intraperitoneally with 1 mg of Salmonella typhi endotoxin,
and early neutrophil sequestration in the pulmonary vasculature observed micros-
copically. In the C3H/HeJ group this neutrophil sequestration was apparent at I
hour after challenge; it began to decline in incidence by 3 hours and was back to
nearly normal levels by 6 hours. Although initial neutrophil sequestration in
C3H-leb/FeJ mice was similar to that of the C3H/HeJ mice, by 3 hours neutrophil
sequestration became extensive and persisted at 6 hours in the C3Hcb/FeJ mice in
contrast to the near-absence of sequestration in the lungs of C3H/H-IeJ mice at this
time. This difference in resolution of inflammation in the microcirculation may be
associated with the finiding that the challenge dose killed most of the sensitive but
none of the resistant mice.

In later studies (Walker et al 1982), lung parenchymal tissue was excised from
resistant and sensitive (this time C3H/HeN) mice 6 hours after challenge with 0.8
mg of endotoxin, and the in vitro production of TXA2 or PG12 over a 30-minute
period was determined by radioimmunoassay. TXA, and PGi 2 released by lung
fragments taken 6 hours after challenge with endotoxin did not differ from normal
levels of these substances in C3H/HeN mice. In contrast, TXA, release was normal
at 6 hours in C3H/licJ mice, but PGI, was significantly increased. The ratio of
""'GI:1TXA, in resistant mice was about twice that seen in sensitive mice. Since
PGI can reduce leukocyte adhesion. an increase in the ratio of this substance to
"TXA 2 may be associated with resolution of polymorphonuclear leukocytes from
the pulmonary microcirculation of endotoxin-resistant mice.

These microcirculatory disturbances can both affect platelets and be .flected by
them. Direct injury to platelets may be important with large doses of endotoxin.
Cellular targets of endotoxin such as platelets can be expected to respond to the
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toxin in a dose-dependent manner. This type of response has been obtained in
vitro with dog platelets which aggregate in greater numbers as the concentration
of Serratia inarcescens endotoxin is increased from 25 ng to 5 ptg/ml (Fletcher and
Ramwell 1980). In vivo dose effects of endotoxin on dog platelets have also been
observed (Walker 1980). Small (4 pg/kg) doses of S. typhi endotoxin administered
intravenously produce no thrombocytopenia, but large, sublethal (1.8 mg/kg) doses

-, of endotoxin induced marked thrombocytopenia.
That effects due to platelet injury can be critical during endotoxemia is indicated

by studies in several models. Ream (1965) found a positive correlation between
"-. toxicity of different endotoxin preparations (as measured by chick embryo lethal-

ity) and their ability to induce aggregation of washed human platelets. Further
correlation of the degree of endotoxin interaction with platelets and lethality was
obtained by Washida (1978). lie found that the LD• dose of endotoxin is 100
times less for newborn rabbits than for adult animals (50 Itg/kg vs 5000 igg/kg).
This increased sensitiviIty was associated with increased numbers of receptor sites
for endotoxin on platelet membranes of newborn rabbits.

A significant contribution of platelets to host responses to endotoxemia is also
indicated by studies which show that reduction of platelet aggregation increases
survival from endotoxemia. A splenic extract which inhibits mouse platelet aggre-
gation in vivo and in vitro also protects these animals from endotoxin-induced
lethality (Spillert et al 1980). Lewis and Mustard (1969) found that inhibition of
platelet aggregation during endotoxin shock prevents acute effects in adult rabbits.
Furthermore, they obtained platelet aggregation and death similar to that seen
during endotoxin shock infusion of ADP.

Studies in other species of animals indicate that platelet--endotoxin interactions
may not' be determinative during endotoxin shock. For example, in dogs made
thrombocytopenic by estrogen pretreatment, mortality and gross necroscopy find-
ings following challenge with endotoxin were similar to animals with normal
platelet levels that were also challenged with endotoxin administered intravenously
(From et al 1976). Levin and Cluff (1965) showed that platelets do not contribute
significantly to tissue damage induced by endotoxins; they selectively depleted
rabbits of circulating platelets by treatment with guinea pig anti-rabbit platelet
antibody. This thrombocytopenia did not prevent the cutaneous hemorrhagic le-
sion of the localized Shwartzman reaction following administration of entdoloxin.

Further evidcnce that direct endotoxin-platelet interactions are noi determina-
tive in survival from endotoxin shock has been reported by Morrison et al (1980).
Thevy found that platelets from both endotoxin-resistant C3H/HeJ mice and respon-
sive C3H/St mice manifest a similar time-dependent increase in calcium-dependent
secretion following incubation with endotoxin.

Petschow (1983) showed that over 8 5 % of endotoxin administered subcutane-
ously to mice remained at the site of injection, but lethality was still obtained.
Unfortunately, no study of thrombocytopenia or other microcirculatory evenrts
accompanied these data. However, the data indicate that mediated effects are
important in endotoxemia, and if thrombocytpenia is involved, it must be due to
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indirect effects of host-generated factors. This may be one reason why factors such
as PGI2 which do not alter endotoxin-induced platelet aggregation are effective in
enhancing survival following endotoxin challenge.

6. CONCLUSIONS

Endotoxin interacts rapidly with platelet membranes and, within minutes after
experimental inoculation into animals, most is associated with the platelet fraction
of the buffy coat. The endotoxin-platelet interaction contributes to inflammation
by formation of aggregates and release of factors such as platelet factor 3, nu-
cleotides, and serotonin. Also platelets may facilitate delivery of the toxin to the
liver and spleen.

Most visible endotoxin effects are seen on platelets from subprimate animals
which have immune adherence receptor sites. The initial part of this reaction
involves the lipid region of the molecule and is followed by assembly of alternative
complement pathway components on the polysaccharide portion of the molecule.
This latter interaction causes platelet lysis. The presence of antibody to the 0-
polysaccharide region of the toxin alters the rabbit platelet response, so that aggre-
gation occurs more rapidly and reversibly.

Primate platelets lack immune adherence receptor sites found in other animals.
These platelets do interact with endotoxin and, through this process, can affect the
inflammatory process.

Host factors generated in response to endotoxin can significantly affect platelet
function and survival. For example, responses of endothelial cells, leukocytes and
macrophages during endotoxemia are responsible for increased levels of factors
such as thromboxane, prostacyclin, hydrogen peroxide and other substances which
can enhance or reduce platelet aggregation.' ,j , ( ,

There is considerable evidence that microvascular injury is significant to the
outcome of endotoxemia. However, it is questionable that, particularly in pri-
mates, direct endotoxin-platelet interactions are essential to this process.
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